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Abstract Column-averaged dry air mole fractions of carbon dioxide and methane (XCO, and XCH,) retrieved from
SWIR (Short-Wavelength InfraRed) observations by GOSAT (Greenhouse Gases Observing SATellite) since 2009 and
its successor GOSAT-2 since 2019 are available from NIES (National Institute for Environmental Studies) as SWIR L2
(Level 2) products. This paper shows the current status of the data quality of NIES SWIR L2 products and inter-satellite
comparison results. Comparisons of XCO, and XCH, obtained from each satellite with ground-based observations
from the TCCON (Total Carbon Column Observing Network) reveal that the averaged single measurement precision
are less than 1.9 ppm and 10 ppb, respectively, and the site-to-site biases are less than 0.9 ppm and 5 ppb, respectively.
The standard deviations of the inter-satellite differences for XCO, and XCH, are 2.18 ppm and 12.1 ppb, respectively,
on an individual-data basis and 1.77 ppm and 11.7 ppb, respectively, on a monthly-regional-mean basis. While further
improvements in the retrieval algorithm and bias-correction method are needed, GOSAT and GOSAT-2 retrievals are
generally in good agreement.
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1. Introduction

Atmospheric carbon dioxide (CO,) and methane (CH,) are well-known major anthropogenic greenhouse gases.
Monitoring the concentrations and fluxes of these gases on global and regional scales is important, and satellite obser-
vations of the column-averaged dry-air mole fractions of these gases (XCO, and XCH,, hereinafter called Xgas) in the
atmosphere are expected to overcome these challenges (Rayner and O'Brien 2001; Chevallier et al. 2007, 2009; Takagi
et al. 2011, 2021). The GOSAT Series is a series of Japanese Earth observation satellites to monitor the global distri-
bution of CO, and CH, from space, and the GOSAT Series mission is promoted by the Ministry of the Environment
Government of Japan, NIES (National Institute for Environmental Studies), and JAXA (Japan Aerospace Exploration
Agency). GOSAT (Greenhouse gases Observing SATellite; launched on 23 January 2009) and GOSAT-2 (launched
on 29 October 2018) are in operation, and to continue long-term monitoring of Xgas, GOSAT-GW (Global Observing
SATellite for Greenhouse gases and Water cycle) is scheduled for launch in the Japanese fiscal year 2024. GOSAT
Xgas is retrieved from SWIR (Short-Wavelength InfraRed) spectral data obtained by the TANSO-FTS (Thermal And
Near Infrared Sensor for carbon Observation-Fourier Transform Spectrometer) onboard GOSAT using a so-called full-
physics retrieval method developed by NIES (Yoshida et al. 2013). The retrieval algorithm for GOSAT-2 is developed
based on that for GOSAT and optimized to the GOSAT-2 specifications. Table 1 summarizes the state vector elements
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Table 1. State vector elements and their a priori data of the full-physics retrieval method for (a) GO-
SAT and (b) GOSAT-2. Full spelling of the dataset and references are given outside the table.

aerosol profile (6 layers, 2 types)
surface pressure

(a) GOSAT
State vector elements A priori data
CO, profile (15 layers) NIES TM"
CH, profile (15 layers) NIES T™M"
H,O profile (15 layers) JMA GPV?

SPRINTARS (free run)”
JMA GPV?

temperature shift JMA GPV?
surface albedo (for land case, zigzag approximation) MOD43B3"
surface wind speed (for ocean case) JMA GPV?
zero-level offset (for Band 1) 0.0
wavenumber dispersion correction factor 0.0

(b) GOSAT-2

State vector elements A priori data

CO, profile (15 layers) NICAM TM”
CH, profile (15 layers) NICAM TM”
CO profile (15 layers) MOZART-4%
H,0 profile (15 layers) JMA JRA-557
aerosol profile (15 layers, 2 types) SPRINTARS (free run)’
surface pressure JMA JRA-55"
temperature shift JMA JRA-55"

8
averaged surface reflectance”

1.0 x 107 [W/em*/str/cm ']

surface albedo (zigzag approximation)
chlorophyll fluorescence (SIF at reference wavenumber)

chlorophyll fluorescence (slope for wavenumber) 0.0018 [cm]
zero-level offset 0.0 [W/em*/str/cm™]
wavenumber dispersion correction factor 0.0

Instrumental line shape function stretch factor 1.0

1) NIES atmospheric tracer Transport Model (Saeki et al. 2013)

2) Japan Meteorological Agency (JMA) Grid Point Value meteorological dataset (JMA 2007)

3) Spectral Radiation-Transport Model for Aerosol Species (Takemura et al. 2000)

4) Moderate Resolution Imaging Spectroradiometer (MODIS) land surface albedo product (Schaaf
et al. 2002)

5) Nonhydrostatic Icosahedral Atmospheric Model (NICAM) Transport Model (Niwa et al. 2011)

6) Model for Ozone and Related Chemical Tracers version 4 (Emmons et al. 2010)

7) Japanese 55-year Reanalysis (Kobayashi et al. 2015)

8) see Section 4.7.5.7 of Yoshida and Oshio (2022)

to be retrieved and their a priori information (see Yoshida et al. 2017 and Yoshida and Oshio 2022 for more detail about
the retrieval algorithm). Since satellite retrieval data can show some bias, it is important to validate it using independent
data and to correct for such biases. Updates to the retrieval algorithm and/or the validation of the retrieval results for
each satellite are independently conducted. To make long-term Xgas data from the GOSAT Series useful, it is also im-
portant to evaluate the degree to which the Xgas data is consistent across satellites. This paper presents a first attempt to
evaluate the quality of GOSAT-2 Xgas and the degree of inter-satellite consistency of GOSAT and GOSAT-2 Xgas.

2. GOSAT and GOSAT-2

GOSAT is in a sun-synchronous orbit at 666-km altitude with a three-day revisit cycle. GOSAT is equipped with
two instruments: TANSO-FTS and TANSO-CAI (Cloud and Aerosol Imager) (Kuze et al. 2009). The TANSO-FTS
IFOV (instantaneous field of view) is 15.8 mrad, which corresponds to a nadir footprint diameter of about 10.5 km.
The TANSO-FTS has a pointing mechanism that allows observation in off-nadir directions. Since August 2010, the
TANSO-FTS has been operating in a 3-point cross-track scan mode to improve pointing stability (Crisp et al. 2012). In
this mode, footprints are separated by ~280 km and each footprint is sampled three times. Due to the low reflectance of
the ocean surface except for the sun-glint direction, the TANSO-FTS operates in sun-glint mode over ocean to track a
sun-glint region with a pointing angle of +20 degrees in the along-track direction. The TANSO-CALI is a nadir-viewing
push-broom imager that provides cloud and aerosol information at 0.5 km spatial resolution within the IFOV of
TANSO-FTS.

GOSAT-2 is in a sun-synchronous orbit at 613-km altitude with a six-day revisit cycle. GOSAT-2 is also equipped
with two instruments: TANSO-FTS-2 (Suto et al. 2021) and TANSO-CAI-2. The TANSO-FTS-2 IFOV is also 15.8
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Fig. 1. Locations of observation points in September 2019 by (a) TANSO-FTS and (b) TANSO-FTS-2. Grey dots indicate obser-
vation points and red or blue dots indicate observation points for which the SWIR L2 XCO, data are available.

mrad, corresponding to a nadir footprint diameter of about 9.7 km. TANSO-FTS-2 has a new function named intelligent
pointing, that shifts the instrument’s line-of-sight to the cloud-free region when TANSO-FTS-2 detects clouds within
the TANSO-FTS-2 IFOV by on-orbit operation, to increase cloud-free data. In addition, the latitudinal range of the sun-
glint mode is wider than that of TANSO-FTS because the maximum pointing angle in the along-track direction is +40
degrees.

Figures la and 1b show examples of the TANSO-FTS and TANSO-FTS-2 observation points in September 2019,
respectively. The TANSO-FTS-2 has a higher spatial density of observation points than TANSO-FTS due to an increase
in the number of revolutions for a recurrence associated with the longer revisit cycle of GOSAT-2 and changing the
nominal observation pattern. Furthermore, the above-mentioned improvements to TANSO-FTS-2, i.e., the intelligent
pointing and the expanded pointing range, have approximately doubled the number of Xgas data and expanded spatial
coverage.

3. Data

3.1 Bias-corrected Xgas data from GOSAT TANSO-FTS

The TANSO-FTS SWIR L2 (Level 2) V02.90 (April 2009 ~ May 2020) and V02.91 (June 2020 ~ present) contain
Xgas from cloud-free observations retrieved from the TANSO-FTS L1B (Level 1B) V220.220 and V220.221, respec-
tively. In June 2020, the ZPD (zero path difference) shifts in the TANSO-FTS (see section 3.1 of Kuze et al. 2016 for
detail) increased such that the TANSO-FTS L1B V220.220 processing could no longer handle it. The V220.221 pro-
cessing addresses this problem and does not differ in data quality from V220.220. In other words, SWIR L2 V02.90 and
V02.91 also do not differ in data quality. The retrieved Xgas shows systematic biases that depend on simultaneously
retrieved auxiliary parameters. Therefore, the bias correction is conducted by multiple regression analysis with explan-
atory variables described in Inoue et al. (2016) to create bias-corrected products V02.95 and V02.96 (NIES GOSAT
project 2021a) from V02.90 and V02.91, respectively. In addition, a simple regression analysis is added to correct the
annual growth rate of the bias-corrected XCO, over the ocean to create V02.97 and V02.98 (NIES GOSAT project
2021b). The correction formulae and its coefficients are different for land and ocean and are shown in section 3 of NIES
GOSAT project (2021a, 2021b). The bias-corrected products V02.97 and V02.98 for XCO, and V02.95 and V02.96 for
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XCH, are used in this study (hereinafter called GOSAT Xgas). The changes in XCO, over the land, XCH, over the land,
and XCH, over the ocean due to this correction are mostly distributed between —4 ppm and 4 ppm, between —10 ppb
and 15 ppb, and between —15 ppb and 20 ppb, respectively, regardless of time. On the other hand, the changes in XCO,
over the ocean increases with time and are mostly distributed between —2 ppm and 4 ppm in April 2009 and between 0
ppm and 6 ppm in December 2020.

3.2 Bias-corrected Xgas data from GOSAT-2 TANSO-FTS-2

Recently, the TANSO-FTS-2 SWIR L2 Column-averaged Dry-air Mole Fraction Product was updated to V02.00
(Yoshida and Oshio 2022). This product contains the bias-uncorrected Xgas from cloud-free observations. To reduce
systematic biases, the following bias corrections are applied in this study (hereinafter bias-corrected Xgas are called
GOSAT-2 Xgas).

XCOfias—Corrected — XC02 _|_A0 + Al APS —|—A2 -AOT + A3 ~ﬂLS552 (1)
XCHfia.t—Cz)rrected — XCH4 + BO _|_ B1 . APS —|— BZ . AOT + B3 . ﬂLSSB5 (2)

where AP is the difference between the retrieved and a priori surface pressure (hPa), AOT is the retrieved aerosol
optical thickness, and fILS is the retrieved ILS (instrumental line shape) stretch factor for sub-band indicated by the
subscript. The coefficients 4, 4,, 4,, 45, B,, B;, B,, and B; are —0.89863, 0.236607, —1.64121 x 107, —1.53897, 0.529805,
1.13007 x 107, —0.320115, and —0.525923, respectively, and the unit for Xgas is ppm. There is no distinction between
land and ocean in these coefficients. The changes in XCO, due to this correction are mostly distributed between —5 ppm
and 4 ppm for land and between —10 ppm and —1 ppm for ocean, respectively, and those in XCH, are mostly distributed
between —5 ppb and 45 ppb for land and between —25 ppb and 15 ppb for ocean, respectively.

3.3 TCCON data

The TCCON (Total Carbon Column Observing Network) is a network of ground-based Fourier Transform Spec-
trometers whose Xgas data are widely used to validate satellite Xgas (Wunch et al. 2011). Although version GGG2020
of the TCCON data is recently released, version GGG2014 (Griffith et al. 2014a, 2014b; Hase et al. 2015; Iraci et al.
2016; Kawakami et al. 2014; Kivi et al. 2020; Morino et al. 2018a, 2018b; Notholt et al. 2019; Petri et al. 2020; Pollard
et al. 2019; Sherlock et al. 2014; Té¢ et al. 2014; Warneke et al. 2019; Wennberg et al. 2015, 2016a, 2016b, 2017; Wunch
et al. 2018) is used in this paper because it was used as the ground-truth in the bias correction of the TANSO-FTS and
TANSO-FTS-2 SWIR L2 products described above. The uncertainties of Xgas from TCCON (20) are 0.8 ppm and 7
ppb for XCO, and XCH,, respectively (Wunch et al. 2010).

4. Results and discussions

First, GOSAT and GOSAT-2 Xgas data are compared with TCCON data. For comparison, satellite data are selected
within a £0.2° latitude-longitude box centered on each TCCON site with a difference of less than 200 m between the
mean altitude within the FTS IFOV and the TCCON site altitude. The TCCON data is the mean values measured at each
TCCON site within £30 min of satellite observation time. The strict condition of +0.2° is used to minimize the impact
of spatial variation in Xgas on the evaluation results. Due to the strict conditions of +£0.2°, comparisons are limited to
land data. The site bias and the single measurement precision of satellite data defined as average and standard deviation
of differences to TCCON data, respectively, are calculated for each TCCON site. Using these values for TCCON sites
with more than 20 matched data, averaged site bias, site-to-site bias defined as the standard deviation of the site bias,
and averaged single measurement precision are calculated. The results for TCCON sites with at least 20 matched data
for one of the two satellites are shown in Table 2 and the time series of Xgas from the satellites and TCCON sites at
TCCON sites with at least 20 matched data for each of the two satellites during the common observation period are
shown in Fig. 2. Both GOSAT and GOSAT-2 data are shown to capture seasonal variation in Xgas. The averaged single
measurement precision for XCO, and XCH, are less than 1.9 ppm and 10 ppb, respectively, with the site-to-site biases
of less than 0.9 ppm and 5 ppb, respectively. Although common TCCON sites are limited due to different observation
patterns, GOSAT-2 seems to be as accurate and precise as GOSAT.

Next, a comparison of the individual Xgas data for GOSAT and GOSAT-2 is made. For each GOSAT-2 data, the
closest same-day GOSAT data within a +0.2° latitude-longitude box with an IFOV-mean altitude difference of 200 m or
less are selected. Most of the observed time differences for the matched data are within 15 min. Although the matched
data are only available for specific locations due to the satellite orbits, the ocean data are also comparable, unlike the
TCCON comparison. The matched data are in good agreement overall, with a slight bias in XCH, over the ocean (Fig.
3). The standard deviations of XCO, and XCH, differences for all data are 2.18 ppm and 12.1 ppb, respectively, which
are slightly smaller than the root sum square of the averaged single measurement precision of GOSAT and GOSAT-2.
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Table 2. Summary of the comparison between GOSAT/GOSAT-2 products and TCCON measurements for (a) XCO, and (b)
XCH,. N, 4, and o indicate the number of matched data, the average of their differences (site bias), and the standard deviation of
their differences (single measurement precision), respectively. The averaged site bias, site-to-site bias (standard deviation of A4),
and averaged single measurement precision are also shown at the bottom of the table for only sites having at least 20 matched
data with the satellite ones. TCCON sites with less than 20 matched data for both GOSAT and GOSAT-2 are not shown in the
table. For GOSAT, results for the same period as GOSAT-2 are also shown for reference.

(a) XCO,
. ) GOSAT GOSAT-2 GOSAT
site la[tcl)tNu?e lon[%}stﬁlde (2009/04 ~2020/12) (2019/03 ~2020/12) (2019/03 ~2020/12)
N Alppm] o[ppm] N Afppm] o[ppm] N A[ppm] o [ppm]
sodankyla01 67.37 26.63 42 -0.31 1.83 12 —0.65 1.60 16 —0.87 2.28
easttroutlake01 5436  —104.99 0 - - 35 -1.44 2.97 0 - -
bremen01 53.10 8.85 26 0.77 1.97 12 -0.61 1.06 2 -0.19 1.88
karlsruheO1 49.10 8.44 0 - - 83 0.71 242 0 - -
parisO1 48.85 2.36 13 -0.41 1.65 49 0.94 1.92 5 0.64 0.66
orleans01 47.97 2.11 49 0.82 1.62 56 0.60 1.54 16 0.76 1.60
parkfallsO1 45.95 -90.27 486 —0.53 1.90 72 —-0.95 291 37 -0.87 2.82
lamont01 36.60 -97.49 275 -0.24 1.42 263 0.53 1.39 42 0.00 1.47
tsukuba02 36.05 140.12 240 0.97 1.69 31 0.33 1.53 11 0.44 0.94
nicosia0l 35.14 33.38 0 - - 89 0.45 1.38 0 - -
edwards01 3496 —117.88 628  —0.22 1.27 301 0.51 1.44 169  —0.30 1.46
jpl02 3420 —118.18 106 0.98 1.99 0 - - 0 - -
pasadena0l 34.14 —118.13 1128 —0.36 1.54 478  —0.68 1.24 266  —1.00 1.38
saga0l 33.24 130.29 108 1.00 1.55 93 0.47 1.44 35 1.42 1.47
burgos01 18.53 120.65 20 243 1.76 8 0.22 1.89 11 1.19 1.26
darwinO1 —12.43 130.89 20 2.03 2.34 15 -0.80 2.03 0 - -
wollongong01 -34.41 150.88 9 -1.57 1.20 20  -0.51 1.82 0 - -
lauder02 —45.04 169.68 163 —0.05 1.62 0 - - 0 - -
lauder03 —45.04 169.68 31 0.58 1.34 129  -0.14 1.58 31 0.58 1.34
averaged site bias 14 0.56 13 0.06 6 (—0.02)
site-to-site bias 14 0.88 13 0.71 6 (0.83)
averaged single measurement precision 14 1.70 13 1.81 6 (1.66)
(b) XCH,
. i GOSAT GOSAT-2 GOSAT
site 1a[t;tNu§1e 1011{%}%1(16 (2009/04 ~ 2020/12) (2019/03 ~ 2020/12) (2019/03 ~ 2020/12)
N Afppb] ofppb] N A[ppb] o[ppb] N  A[ppb] & [ppb]

sodankyla01 67.37 26.63 43 3.8 13.0 12 1.9 8.1 17 0.9 13.9
easttroutlake01 5436  —104.99 0 - — 36 0.9 12.3 0 - -
bremen01 53.10 8.85 26 6.5 12.1 12 2.0 4.2 2 47 12.5
karlsruheO1 49.10 8.44 0 - - 83 32 9.1 0 - -
paris01 48.85 2.36 13 -0.5 5.5 49 0.2 8.7 5 4.2 32
orleans01 47.97 2.11 49 2.8 8.0 56 2.3 6.1 16 —0.4 7.2
parkfallsO1 45.95 -90.27 486 2.4 10.0 72 0.5 12.4 37 24 13.8
lamont01 36.60 -97.49 275 0.7 9.3 263 1.3 8.6 42 1.2 8.7
tsukuba02 36.05 140.12 240 4.1 9.6 31 0.5 10.6 11 0.5 4.
nicosia0l 35.14 33.38 0 - - 89 2.0 8.1 0 - -
edwards01 3496 —117.88 628 0.8 7.8 301 03 8.5 169 0.2 8.4
jpl02 3420 —118.18 106 1.8 9.5 0 - - 0 - -
pasadena0l 3414  -118.13 1128 -1.0 9.0 478 2.8 6.7 266  —1.8 8.3
saga0l 33.24 130.29 108 8.9 9.0 93 5.1 10.0 35 12.6 7.8
burgos01 18.53 120.65 20 10.9 6.0 8 24 7.0 11 8.8 43
darwin01 —12.43 130.89 20 9.8 8.3 15 =57 4.8 0 - -
wollongong01 —34.41 150.88 9 24 16.1 20 0.9 7.5 0 - -
lauder02 —45.04 169.68 163 -1.9 9.2 0 - - 0 - -
lauder03 —45.04 169.68 31 -1.9 7.9 177 1.9 7.5 31 -1.9 7.9
averaged site bias 14 34 13 0.8 6 (1.3)
site-to-site bias 14 4.1 13 2.0 6 5.2)
averaged single measurement precision 14 9.2 13 8.9 6 9.2)
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Fig. 2. Time series of the GOSAT (red), GOSAT-2 (blue), and TCCON (grey) and their differences from TCCON. Only TCCON
sites with at least 20 matched data for each of GOSAT and GOSAT-2 during the common observation period are shown. (a ~ f)
XCO, and (g ~ 1) XCH, for each TCCON site.

The ocean bias in XCH, might be due to the fact that the state vector elements and the coefficients of the bias correction
are different between land and ocean for GOSAT, while they are identical for GOSAT-2, but the details are beyond the
scope of this paper.

To examine the degree of the regional dependence, Figs. 4 and 5 show the difference between the monthly averages
of Xgas within 10° x 10° grid box for GOSAT and GOSAT-2 (see Supplement 1 for the monthly averaged Xgas for
each satellite). Note that this difference includes differences in observation points and times between satellites. The
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Fig. 3. Two-dimensional histograms of individual matched data for GOSAT and GOSAT-2: (a) land XCO,, (b) land XCH,, (c)
ocean XCO,, and (d) ocean XCH,. The locations of the matched data colored by Xgas difference (GOSAT-2 minus GOSAT): (e)
XCO, and (f) XCH,. G1 for GOSAT and G2 for GOSAT-2.

differences in averaged Xgas show not only regional dependence but also time dependence, mainly seasonal variation
(Figs. S7, S8). The causes of these dependence are still under investigation, but it appears to be largely due to insuffi-
cient representation of the optical path modification due to atmospheric scattering. For example, the positive difference
in North Africa may be due to an overestimation of Xgas by GOSAT-2 because the simultaneously retrieved aerosol
optical thickness was smaller than that by GOSAT. The standard deviations of the averaged Xgas difference using
grids with more than 10 measurements for both satellites are 1.77 ppm and 11.7 ppb for XCO, and XCH,, respectively.
These values are larger than the site-to-site biases evaluated in the TCCON comparison, suggesting that the number of
TCCON sites used for evaluating the site-to-site biases would be insufficient to cover the global diversity of observation
points and to obtain more appropriate regional dependence of the bias. Therefore, it is important to obtain additional
ground-based validation data that covers the different range of the satellite measurands and geographical coverage, such
as higher albedo (> 0.5) areas or ocean. Since the regional patterns of monthly-regional averaged Xgas differences are
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Fig. 4. The difference between the monthly averages of XCO, within 10° x 10° grid box for GOSAT and GOSAT-2 in 2020
(GOSAT-2 minus GOSAT). Cross and plus marks indicate that the number of Xgas data used to calculate the monthly average is
less than 10 for GOSAT and GOSAT-2, respectively.

similar to the patterns of individual Xgas differences, it can be assumed that as the consistency of individual Xgas data
improves, the consistency of the monthly-regional averaged Xgas will also improve.

5. Conclusion

The quality and degree of inter-satellite consistency of GOSAT and GOSAT-2 Xgas are evaluated. A comparison
of each satellite data with TCCON data showed that the averaged single measurement precision for XCO, and XCH,
are less than 1.9 ppm and 10 ppb, respectively, with the site-to-site biases of less than 0.9 ppm and 5 ppb, respectively,
although the TCCON sites used for evaluation are different due to differences in observation patterns of satellites. The
inter-satellite comparison shows that GOSAT and GOSAT-2 retrievals are generally in good agreement with the stan-
dard deviations of 2.18 ppm and 12.1 ppb for individual XCO, and XCH, differences, respectively, and those of 1.77
ppm and 11.7 ppb for monthly regional averaged XCO, and XCH, differences, respectively. The difference between the
TCCON comparison results and the inter-satellite comparison results indicates the need for additional validation sites
and further bias reduction in satellite Xgas.
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